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The highly pathogenic avian influenza (HPAI) virus phenotype is restricted to influenza A viruses of the H5
and H7 hemagglutinin (HA) subtypes. To obtain more information on the apparent subtype-specific nature of
the HPAI virus phenotype, a low-pathogenic avian influenza (LPAI) H6N1 virus was generated, containing an
HPAI H5 RRRKKR2G multibasic cleavage site (MBCS) motif in HA (the downward arrow indicates the site
of cleavage). This insertion converted the LPAI virus phenotype into an HPAI virus phenotype in vitro and in
vivo. The H6N1 virus with an MBCS displayed in vitro characteristics similar to those of HPAI H5 viruses, such
as cleavage of HA0 (the HA protein of influenza A virus initially synthesized as a single polypeptide precursor)
and virus replication in the absence of exogenous trypsin. Studies of chickens confirmed the HPAI phenotype
of the H6N1 virus with an MBCS, with an intravenous pathogenicity index of 1.4 and systemic virus replication
upon intranasal inoculation, the hallmarks of HPAI viruses. This study provides evidence that the subtype-
specific nature of the emergence of HPAI viruses is not at the molecular, structural, or functional level, since
the introduction of an MBCS resulted in a fully functional virus with an HPAI virus genotype and phenotype.

Wild birds represent the natural reservoir of avian influenza
A viruses in nature (43). Influenza A viruses are classified on
the basis of the hemagglutinin (HA) and neuraminidase (NA)
surface glycoproteins. In wild birds throughout the world, in-
fluenza A viruses representing 16 HA and 9 NA antigenic
subtypes have been found in numerous combinations (also
called subtypes, e.g., H1N1, H6N1) (12). Besides classification
based on the antigenic properties of HA and NA, avian
influenza A viruses can also be classified based on their
pathogenic phenotype in chickens. Highly pathogenic avian
influenza (HPAI) virus, an acute generalized disease of
poultry in which mortality may be as high as 100%, is re-
stricted to subtypes H5 and H7. Other avian influenza A
virus subtypes are generally low-pathogenic avian influenza
(LPAI) viruses that cause much milder, primarily respira-
tory disease in poultry, sometimes with loss of egg produc-
tion (6).

The HA protein of influenza A virus is initially synthesized
as a single polypeptide precursor (HA0), which is cleaved into
HA1 and HA2 subunits by host cell proteases. The mature HA
protein mediates binding of the virus to host cells, followed by
endocytosis and HA-mediated fusion with endosomal mem-

branes (43). Influenza viruses of subtypes H5 and H7 may
become highly pathogenic after introduction into poultry and
cause outbreaks of HPAI. The switch from an LPAI phenotype
to the HPAI phenotype of these H5 and H7 influenza A viruses
is achieved by the introduction of basic amino acid residues
into the HA0 cleavage site by substitution or insertion, result-
ing in the so-called multibasic cleavage site (MBCS), which
facilitates systemic virus replication (4, 5, 14, 44). The cleavage
of the HA0 of LPAI viruses is restricted to trypsin-like proteases
which recognize the XXX(R/K)2G cleavage motif, where the
downward arrow indicates the site of cleavage. Replication of
these LPAI viruses is therefore restricted to sites in the host
where these enzymes are expressed, i.e., the respiratory and in-
testinal tract (32, 38). The introduction of an RX(R/K)R2G or
R(R/K)XR2G minimal MBCS motif into the H5 and H7
subtype viruses facilitates the recognition and cleavage of the
HA0 by ubiquitous proprotein convertases, such as furin (20,
32, 41, 45). H5 influenza A viruses with a minimal MBCS motif
only have the highly pathogenic phenotype if the masking
glycosylation site at position 11 in the HA is replaced by a
nonglycosylation site. Otherwise, at least one additional basic
amino acid has to be inserted to allow the shift from an LPAI
virus phenotype to an HPAI virus phenotype to occur (15, 18,
21, 22, 28). No information is available on the minimal pre-
requisites of H7 influenza A viruses to become highly patho-
genic, but all HPAI H7 viruses have at least 2 basic amino acid
insertions in the HA0 cleavage site (22). HA0 with the MBCS
is activated in a broad range of different host cells and there-
fore enables HPAI viruses to replicate systemically in poultry
(46). To date, little is known about the apparent subtype-
specific nature of the introduction of the MBCS into LPAI
viruses and the evolutionary processes involved in the emer-
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gence of HPAI viruses. When an MBCS was introduced in a
laboratory-adapted strain of influenza virus, A/Duck/Ukraine/
1/1963 (H3N8), it did not result in a dramatic change in patho-
genic phenotype (35). Here, the effect of the introduction of an
MBCS into a primary LPAI H6N1 virus, A/Mallard/Sweden/
81/2002, is described. The introduction of an MBCS resulted in
trypsin-independent replication in vitro and enhanced patho-
genesis in a chicken model. Understanding the basis of the HA
subtype specificity of the introduction of an MBCS into avian
influenza viruses will lead to a better understanding of poten-
tial molecular restrictions involved in emergence of HPAI out-
breaks.

MATERIALS AND METHODS

Cells. Madin-Darby canine kidney (MDCK) cells were cultured in Eagle’s
minimum essential medium (EMEM; Lonza, Breda, Netherlands) supplemented
with 10% fetal calf serum (FCS), 100 IU/ml penicillin, 100 �g/ml streptomycin,
2 mM glutamine, 1.5 mg/ml sodium bicarbonate, 10 mM HEPES, and nones-
sential amino acids. 293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Lonza) supplemented with 10% FCS, 100 IU/ml penicillin,
100 �g/ml streptomycin, 2 mM glutamine, 1 mM sodium pyruvate, and nones-
sential amino acids.

Viruses. Influenza virus A/Mallard/Sweden/81/02 (H6N1) was isolated from a
migratory mallard (Anas platyrrhynchos) within the framework of our ongoing
avian influenza surveillance program (25) and passaged twice in embryonated
chicken eggs. Influenza virus A/Hong Kong/156/97 (H5N1) was isolated from the
human index case during the 1997 H5N1 outbreak in Hong Kong (9). The
wild-type H6N1 (H6N1WT) virus, H5N1WT virus, H6N1 virus with the MBCS in
HA (H6N1MBCS), and the H5N1 virus lacking the MBCS (H5N1�MBCS) were
generated by reverse genetics as described previously (10). The supernatant of
the transfected cells was harvested 48 h after transfection and was used to
inoculate MDCK cells. The genotypes of all recombinant viruses were confirmed
by sequencing. The risk potential of the H6N1MBCS virus was assessed prior to
start of the experiments, and it was determined that the anticipated risk of
generating this virus would be equivalent to that of generating an HPAI virus.
Therefore, all in vivo and in vitro experiments were performed under animal
biosafety level 3� (ABSL3�) containment conditions.

Plasmids. The 8 gene segments of A/Mallard/Sweden/81/2002 (H6N1) and
A/Hong Kong/156/97 (H5N1) were amplified by reverse transcriptase PCR (RT-
PCR) and cloned in the BsmBI site of a modified version of plasmid pHW2000
(10). For the construction of the plasmid containing the MBCS in HA of H6N1,
a QuikChange multisite-directed mutagenesis kit (Qiagen, Venlo, Netherlands)
was used, according to instructions of the manufacturer. The following primers
were used for the introduction of nucleotides encoding the RRRKKR2GMBCS in
the HA gene: GAGGCTTGCAACTGGACTAAGAAATGTTCCACAGAGA
AAAAAAAGAGGACTTTTCGGAGCC and TGGACTAAGAAATGTTCCA
CAGAGAAGAAGAAAAAAAAGAGGACTTTTCG. For the generation of
H5N1�MBCS, 15 nucleotides encoding 5 amino acids (underlined), PQRERRR
KKR2G, were modulated into PQIETR2G of the MBCS in HA of the H5N1
virus, as previously described (42).

Replication kinetics and virus titrations. Multistep replication kinetics were
determined by inoculating MDCK cells in the presence and absence of 1 �g/ml
trypsin (Lonza), with a multiplicity of infection (MOI) of 0.01 50% tissue culture
infective dose (TCID50) per cell. Supernatants were sampled at 6, 12, 24, and
48 h after inoculation. Virus titers in MDCK cells were determined by endpoint
titration as described previously (10). MDCK cells were inoculated with a 10-fold
serial dilution of culture supernatants or tissue homogenates. One hour after
inoculation, cells were washed once with phosphate-buffered saline (PBS) and
grown in 200 �l of infection media, consisting of EMEM (Lonza) supplemented
with 100 U/ml penicillin, 100 �g/ml streptomycin, 2 mM glutamine, 1.5 mg/ml
sodium bicarbonate (Lonza), 10 mM HEPES (Lonza), nonessential amino acids
(MP Biomedicals) and 20 �g/ml trypsin (Lonza). Three days after inoculation,
the supernatants of infected cell cultures were tested for agglutinating activity,
using turkey erythrocytes as indicators of infection of the cells. Infectious titers
were calculated from 5 replicates by the method of Spearman-Karber. For the
multistep replication kinetics, geometric mean titers were calculated using the
infectious titers obtained from two independent experiments.

Western blotting. 293T cells were transfected with plasmids expressing the HA
genes of H6N1WT, H6N1MBCS, H5N1WT, and H5N1�MBCS. Cells were harvested

48 h after transfection and were treated with either PBS or 2.5 �g/ml trypsin
(Lonza) for 1 h at 37°C. Cells were lysed in hot lysis buffer (1% sodium dodecyl
sulfate [SDS], 100 mM NaCl, 10 mM EDTA, 10 mM Tris-HCl at pH 7.5) and
treated with 3� dissociation loading buffer (2% SDS, 0.01 dithiothreitol, 0.02 M
Tris-HCl at pH 6.8) for 5 min at 96°C, and proteins were separated in 10%
SDS-polyacrylamide gels. A molecular magic marker (Invitrogen, Leek, Nether-
lands) was run alongside to determine protein sizes. Proteins were transferred
onto nitrocellulose membranes by electroblotting for 1 h in blotting buffer (25
mM Tris, 192 mM glycine, and 20% methanol). The blots were incubated over-
night at 4°C in blocking buffer (PBS with 5% [wt/vol] nonfat dried milk and
0.05% Tween-10) and incubated with a 1:2,000 dilution of rabbit antisera (1:1
dilution mixture of rabbit anti-A/Turkey/Massachusetts/65 H6N1 and rabbit anti-
A/Shearwater/Australia/1/72 H6N1 for H6 and rabbit anti-A/Hong Kong/156/97
H5N1 for H5) in blocking buffer for 2 h at room temperature. Blots were washed
with PBS containing 0.05% Tween and incubated for 1 h with swine anti-rabbit
horseradish peroxidase (Dako, Denmark) at a dilution of 1:3,000 in blocking
buffer, washed again, and developed with ECL Western blotting detection re-
agents (GE Healthcare, United Kingdom).

Intravenous pathogenicity index. The intravenous pathogenicity index (IVPI)
of recombinant viruses was determined using 10 six-week-old specific-pathogen-
free (SPF) White Leghorn chickens (GDL, Deventer, Netherlands), according to
the OIE standards (27). In short, chickens were injected intravenously in the
ulnar vein with 0.1 ml of the H6N1WT or H6N1MBCS virus at a dose of 106

TCID50. The development of clinical signs was monitored for 10 days for each
individual chicken. Chickens were classified sick if they displayed one clinical
sign, such as depression, cyanosis of the comb or wattles, respiratory involve-
ment, diarrhea, edema of the face/head, and nervous signs, and severely sick if
they displayed two or more clinical signs. The IVPI was calculated as the mean
score per bird per observation. All animal studies and procedures were reviewed
and approved by the Institutional Animal Ethics Committee of Erasmus Medical
Center and have been conducted according to the national guidelines of the
Netherlands.

Intranasal infection of chickens. Two groups of 10 six-week-old specific-
pathogen-free (SPF) White Leghorn chickens (GDL) were inoculated intrana-
sally with 5 � 106 TCID50 of the H6N1WT or H6N1MBCS virus. Oropharyngeal
and cloacal swabs were collected and stored in 1 ml transport media; virus titers
of MDCK cells in the swabs were determined by endpoint titration. At day 3 and
day 6 after inoculation, 5 animals from each group were euthanized, and virus
titers in the nasal turbinate, trachea, lung, spleen, liver, heart, intestine, and brain
were determined for 3 out of 5 animals; remaining chickens were used for
immunohistochemistry. Tissues were homogenized in 3 ml transport medium,
consisting of Hank’s balanced salt solution containing 10% glycerol, 200 U/ml
penicillin, 200 mg/ml streptomycin, 100 U/ml polymyxin B sulfate, and 250 mg/ml
gentamicin (ICN, Netherlands), using the FastPrep system (MP Biomedicals)
with 2 one-quarter-inch ceramic sphere balls (MP Biomedicals) and centrifuged
briefly.

Immunohistochemistry. Immunohistochemistry was performed with the tis-
sues of chickens inoculated with the H6N1WT and H6N1MBCS viruses. For each
virus, 2 chickens were euthanized 3 and 6 days after inoculation by exsanguina-
tion. Necropsies and tissue sampling were performed according to a standard
protocol (protocol available on request). After fixation in 10% neutral-buffered
formalin and embedding in paraffin, tissue sections were stained with an immu-
nohistochemical method, using a monoclonal antibody against the nucleoprotein
of influenza A virus as a primary antibody for detection of influenza virus antigen
(clone Hb65; ATCC, United Kingdom). The following types of tissue were
examined: nasal turbinate, trachea, lung, spleen, liver, heart, intestine, brain, and
comb.

Nucleotide sequence accession numbers. The nucleotide sequences of the 8
gene segments of A/Mallard/Sweden/81/02 (H6N1) are available from GenBank
under accession numbers CY060379 to CY060386.

RESULTS

In vitro characteristics of the H6N1MBCS virus. In order to
investigate the subtype specificity of the insertion of an MBCS
into the HA of LPAI viruses, an MBCS was inserted into
the HA0 of A/Mallard/Sweden/81/02 (H6N1WT), resulting in
H6N1MBCS. The functionality of the MBCS insertion in the H6
HA protein was first studied by expression of HA in 293T cells
upon transfection and determination of the cleavage pattern in
the presence and absence of trypsin. The cleavage patterns of
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H6WT and H6MBCS were compared to the cleavage patterns of
HA in HPAI A/HongKong/156/97 H5N1 (H5WT) and HA in
this virus from which the MBCS was removed (H5�MBCS).
H5WT and H6MBCS displayed similar cleavage patterns upon
Western blot analysis, with cleavage of the HA0 both with and
without supplemental addition of trypsin. H5�MBCS displayed
a cleavage pattern similar to that of H6WT, with efficient HA0

cleavage only upon the addition of trypsin (Fig. 1A). Next, the
effect of the introduction of the MBCS on the replication
kinetics in MDCK cells was determined. Using reverse genet-
ics, 2 wild-type viruses (H6N1WT and H5N1WT) and 2 mutant
viruses (H6N1MBCS and H5N1�MBCS) were produced. The
H6N1WT and H6N1MBCS viruses contained 7 gene segments of
A/Mallard/Sweden/81/02 H6N1 and wild-type H6 or H6 HA
with MBCS, respectively, and the H5N1WT and H5N1�MBCS

viruses contained 7 gene segments of A/HongKong/156/97 H5N1
and wild-type H5 HA or H5 HA from which the MBCS was
deleted, respectively. The H6N1WT virus was able to replicate
to high titers in the presence of trypsin; in the absence of
trypsin, the H6N1WT virus failed to replicate efficiently. The
H6N1MBCS virus was able to replicate to comparable titers in
the presence and absence of trypsin, with only modest differences
in maximum virus titers after 48 h (Fig. 1B). The comparison of
the replication kinetics of the H6N1WT and H6N1MBCS viruses
and those of the HPAI H5N1WT and H5N1�MBCS viruses (Fig.
1C) was in agreement with observations from Western blot
analysis. The H6N1MBCS and H5N1WT viruses displayed rep-
lication kinetics in the absence of trypsin similar to those of the
H6N1WT and H5N1�MBCS viruses in the presence of trypsin.
The H6N1WT and H5N1�MBCS viruses did not replicate effi-

ciently in the absence of trypsin, in agreement with an LPAI
virus phenotype. Thus, the insertion of an MBCS in an LPAI
H6N1 virus conferred an in vitro phenotype comparable to that
of an HPAI H5N1 virus.

Intravenous pathogenicity index of the H6N1WT and
H6N1MBCS virus. To determine whether the in vitro HPAI
phenotype of the H6N1MBCS virus also resulted in an HPAI
phenotype in vivo, the intravenous pathogenicity index (IVPI)
was determined. The IVPI is the gold standard for the assess-
ment of the pathogenic phenotype of avian influenza viruses in
poultry. Avian influenza viruses with an IVPI of �1.2 are
considered LPAI viruses, and avian influenza viruses with an
IVPI of �1.2 are considered HPAI viruses. Ten 6-week-old
White Leghorn chickens were inoculated intravenously with
0.1 ml 1 � 106 TCID50/ml of the H6N1WT or H6N1MBCS virus
and monitored closely for 10 days. The 10 chickens inoculated
with the H6N1WT virus did not show clinical signs of disease
over the 10-day period, resulting in an IVPI of 0.0, confirming
the LPAI virus phenotype in vivo (Table 1) (27). The chickens
inoculated with the H6N1MBCS virus displayed a rapid progres-
sive disease, with 8/10 animals being severely sick at 3 days
postinoculation (d.p.i.) and 1 deceased animal at 5 and 6 d.p.i.
A variety of clinical symptoms was observed in these birds,
including respiratory involvement (2/10 animals), depression
(10/10) (Fig. 2), diarrhea (2/10), cyanosis of the exposed skin or
wattles (6/10) (Fig. 2), edema of the face and/or head (6/10),
and nervous signs (6/10) (Table 1). The overall IVPI score of
the H6N1MBCS virus was 1.4, in concordance with an HPAI
virus phenotype.

Infection of chickens via the intranasal route. Next, clinical
signs, virus shedding, and tissue distribution in chickens were
studied upon intranasal inoculation, considered more repre-
sentative of a natural infection than the intravenous inocula-
tion described above. To this end, 10 chickens were inoculated
intranasally with 5 � 106 TCID50/ml of either the H6N1WT or
H6N1MBCS virus. The chickens were observed for clinical signs
of disease, and cloacal and oropharyngeal swab samples were
obtained daily over a 6-day period. None of the chickens in-
oculated with the H6N1WT virus displayed clinical signs during
the course of the experiment, whereas all H6N1MBCS virus-
inoculated chickens were lethargic (10/10), and some devel-
oped cyanosis of the comb (2/10). Virus shedding from the
respiratory tract was observed to start at 1 d.p.i. for both
viruses and continued until 4 to 5 d.p.i. The amounts of virus
shedding were comparable between the 2 viruses. Virus shed-
ding from the intestinal tract started at 3 d.p.i. for both viruses
and continued during the course of the experiment for the
H6N1MBCS virus, whereas cloacal shedding of the H6N1WT

virus was minimal and below the detection limit after 6 days
(Fig. 3). At 3 and 6 d.p.i., 5 chickens from each group were
euthanized, and virus titers in the nasal turbinate, trachea,
lung, spleen, liver, heart, intestine, and brain were determined
for 3 of these animals; the remaining chickens were used for
immunohistochemistry. The H6N1WT and H6N1MBCS viruses
were detected with comparable titers in the upper respiratory
tracts of inoculated chickens at 3 d.p.i. In the lung, the
H6N1MBCS virus replicated to higher titers and was detected in
all animals, whereas the H6N1WT virus was detected only in 1
animal. The H6N1WT virus was also detected in the spleen (1/3
animals) and intestine (3/3), whereas the H6N1MBCS virus was

FIG. 1. In vitro phenotype of H6N1MBCS in comparison with those
of H6N1WT, H5N1WT, and H5N1�MBSC influenza A viruses. (A) West-
ern blots of transfected 293T cells with the H6N1WT, H6N1MBCS,
H5N1WT, or H5N1�MBCS HA open reading frame, treated with (�) or
without (�) trypsin. (B, C) Replication kinetics of the H6N1WT
(squares) and H6N1MBCS (circles) viruses in MDCK cells in the pres-
ence (filled symbols) or absence (open symbols) of trypsin (B) or the
H5N1WT (squares) and H5N1�MBCS (circles) viruses in MDCK cells in
the presence (filled symbols) or absence (open symbols) of trypsin (C).
Geometric mean titers were calculated from two independent experi-
ments; error bars indicate standard deviations.
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detected in the brain (2/3) (Table 2). Immunohistochemistry
was performed in order to confirm influenza A virus replica-
tion in tissues obtained at 3 d.p.i. Using an anti-nucleoprotein
(NP) monoclonal antibody, expression of influenza virus anti-
gen was not detected in any of the tissues of the group inocu-
lated with H6N1WT. For the group inoculated with H6N1MBCS,
expression of influenza virus antigen was detected in all tissue
samples, including tissue of the comb (Fig. 4), in agreement
with reports on H5 and H7 HPAI infections in chickens (31,
40). At 6 d.p.i., the H6N1MBCS virus was still detected in the
brain (1/3 animals), heart (1/3), and intestine (2/3), whereas
the H6N1WT virus was cleared from all sampled tissues by this
time (Table 2).

DISCUSSION

The emergence of HPAI viruses from LPAI ancestral vi-
ruses is restricted to influenza A viruses of the H5 and H7
subtypes. All currently known HPAI outbreaks were caused by

FIG. 2. Clinical symptoms of chickens infected with H6N1MBCS
virus, consistent with those of chickens infected with HPAI virus, as
follows: cyanosis of the comb and wattles (A); subcutaneous hemor-
rhage of the shanks (B); and severe depression, ruffled feathers with
edema of head and neck, and cyanosis of the comb, wattles, and feet (C).

TABLE 1. Overview of IVPI results for the H6N1WT and H6N1MBCS viruses

Birds infected
with virusa

No. of birds at indicated d.p.i. Total no. of birds over
10-day period � scoreb IVPIc

1 2 3 4 5 6 7 8 9 10

H6N1WT
Healthy 10 10 10 10 10 10 10 10 10 10 100 � 0 � 0
Sick 0 0 0 0 0 0 0 0 0 0 0 � 1 � 0
Severely sick 0 0 0 0 0 0 0 0 0 0 0 � 2 � 0
Dead 0 0 0 0 0 0 0 0 0 0 0 � 3 � 0
Total 0 0

H6N1MBCS
Healthy 3 1 1 0 0 0 0 2 3 3 16 � 0 � 0
Sick 7 5 1 2 1 1 6 5 5 5 38 � 1 � 38
Severely sick 0 4 8 8 8 7 0 0 0 0 35 � 2 � 70
Dead 0 0 0 0 1 2 2 2 2 2 11 � 3 � 33
Total 141 1.41

a Sick birds show one of the following signs: respiratory involvement, depression, diarrhea, cyanosis of the exposed skin or wattles, edema of the face and/or head,
and nervous signs. Severely sick birds show two or more of the signs mentioned above.

b Two groups of 10 chickens were each inoculated intravenously with 0.1 ml 1 � 106 TCID50 of either of the viruses and observed for clinical signs of disease for
10 days. At each observation, each bird is scored 0 if healthy, 1 if sick, 2 if severely sick, and 3 if dead.

c The intravenous pathogenicity index (IVPI) is the mean score per bird per observation over the 10-day period.

FIG. 3. Virus shedding from the respiratory tract (A) and the in-
testinal tract (B) after intranasal inoculation of chickens the H6N1WT
(open circles) and H6N1MBCS (closed circles) viruses. Oropharyngeal
and cloacal swabs were taken daily, and virus titers in MDCK cells
were determined by endpoint titration. The geometric mean titers,
calculated per day per group, are displayed; error bars indicate 95%
confidence interval values. The dotted line indicates the cutoff value of
the assay.
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HPAI H5 and H7 viruses (3). The emergence of HPAI viruses
is primarily thought to occur by introduction of MBCSs in HA
of the LPAI H5 and H7 viruses during their circulation in
poultry. LPAI viruses other than H5 and H7 also frequently
cause outbreaks in poultry, generally with mild clinical symp-
toms (2, 33, 38). Despite extensive circulation in poultry, HPAI
viruses have never emerged during LPAI outbreaks, other than
those caused by influenza A viruses of the H5 or H7 subtypes,
pointing to the subtype-specific nature of the emergence of
HPAI viruses. Whereas the structural and molecular mecha-
nisms for the emergence of HPAI viruses have been partly
elucidated (28, 29), the subtype specificity of this emergence
remains unknown. The proposed molecular mechanisms un-
derlying the introduction of basic amino acid residues into
HA0 cleavage are nucleotide/amino acid substitution and in-
sertion of additional basic amino acid residues via strand slip-
page (28). In addition, in the case of two H7 virus strains, it has
been shown that recombination with host or viral RNA was
responsible for the introduction of an MBCS (19, 37). The
present study aimed to understand the nature of the subtype
specificity of the MBCS introduction by artificial insertion of
an MBCS motif identical to those of currently circulating H5
HPAI viruses in an LPAI H6N1 virus. The choice for an LPAI
H6 virus was made because multiple introductions of this sub-
type into poultry have occurred and because of the extensive
circulation of H6 viruses in poultry (8, 47). These characteris-
tics make it likely that H6 viruses with HPAI genotypes would
have emerged if not for an as-yet-unidentified restriction. The
insertion of an MBCS into the LPAI H6N1 virus resulted in a
shift from a trypsin-dependent phenotype to a trypsin-indepen-
dent phenotype, comparable to that of an HPAI H5N1 virus.
Moreover, the introduction of the MBCS into the LPAI H6N1
virus also resulted in an in vivo HPAI virus phenotype. The
clinical signs observed in H6N1MBCS virus-infected chickens,
such as subcutaneous hemorrhages of the shanks, cyanotic

combs and wattles, and neurological signs, are hallmarks of
HPAI infection (Fig. 2). In addition, the IVPI was greater than
1.2 (Table 1), which places the H6N1MBCS virus within the
category of HPAI viruses (27). Our data are in agreement with
those in previous studies which show that the introduction of
an MBCS into LPAI H5 viruses increases the tissue tropism to
extrarespiratory and extraintestinal replication (14). However,
the pathogenicity of the generated H6N1MBCS virus is not
completely equivalent to the pathogenicity displayed in natu-
rally occurring HPAI H5 and H7 viruses, which in general have
IVPI scores in the range of 2 to 3 (7, 22, 36), although lower
IVPI scores (1.2) have been reported for naturally occurring
HPAI viruses as well (1). The relatively limited pathogenicity
of the H6N1MBCS virus in the chicken model upon intranasal
inoculation, rather than intravenous inoculation, might be
caused by the lack of adaptation of the original H6N1WT virus
to efficient replication in chickens. The H6N1WT virus was
isolated from a wild-caught migratory mallard and, as such, will
be adapted to replication in this wild bird species. It has been
shown in a previous report comparing the intranasal infectious
doses of LPAI viruses that infection of White Leghorn chick-
ens required very high doses of viruses isolated from wild birds
compared to the doses of viruses obtained from chickens (39).
Previous studies have also shown that changes in HA alone are
not sufficient for efficient replication of wild bird avian influ-
enza viruses in chickens and that besides changes in HA,
changes in the internal genes such as PB1, PB2, and PA are
necessary for adaptation toward efficient replication in chick-
ens (16, 23, 34). We suggest that such additional adaptations in
the internal genes of the H6N1MBCS virus will likely result in
further increased pathogenicity, possibly comparable to the
pathogenicity of other HPAI viruses upon intranasal infection
and IVPI. It has also been shown for multiple LPAI viruses
that adaptation to replication in poultry results in increased

TABLE 2. Virus titers in tissue of chickens inoculated with either the H6N1WT or H6N1MBCS virus

d.p.i. Tissue

Immunohistochemistry results for indicated virusesa

H6N1WT H6N1MBCS

No. of chickens in which virus was
detected/total no. of chickens

Virus titer (log10 TCID50/g
tissue) � SD

No. of chickens in which virus
was detected/total no. of

chickens

Virus titer (log10 TCID50/g
tissue) � SD

3 Lung 1/3 1.52 � 0.17 3/3 2.10 � 0.79
Trachea 3/3 2.83 � 0.47 3/3 3.37 � 1.34
NT 2/3 2.97 � 0.81 3/3 2.59 � 0.17
Brain 0/3 �1.41 2/3 1.53 � 0.17
Spleen 1/3 2.16 � 1.15 0/3 �1.50
Heart 0/3 �1.51 0/3 �1.51
Liver 0/3 �1.43 0/3 �1.43
Intestine 3/3 2.56 � 0.92 0/3 �1.65

6 Lung 0/3 �1.42 0/3 �1.42
Trachea 0/3 �1.91 0/3 �1.91
NT 0/3 �2.01 0/3 �2.01
Brain 0/3 �1.41 1/3 1.57 � 0.27
Spleen 0/3 �1.50 0/3 �1.50
Heart 0/3 �1.51 1/3 1.56 � 0.08
Liver 0/3 �1.43 0/3 �1.43
Intestine 0/3 �1.65 2/3 1.92 � 0.31

a Three chickens from each group were euthanized at 3 d.p.i. and 6 d.p.i. Virus titers in MDCK cells of the lung, trachea, nasal turbinate (NT), brain, spleen, heart,
liver, and intestine were determined by endpoint titration. Geometric mean titers � standard deviations are indicated; cutoff values are given for negative tissues.
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virus shedding from both the respiratory tract and the intesti-
nal tract (16, 30, 34).

For the H6N1WT virus, the low virus shedding from the
respiratory tract at 3 d.p.i. (2.3 � 0.9 log10 TCID50/ml; 10/10
animals) was accompanied by low or undetectable virus titers
in the respiratory tract tissues (Table 2). Likewise, low shed-
ding from the intestinal tract at 3 d.p.i. (0.7 � 0.6 log10

TCID50/ml; 3/10 animals) was accompanied by low virus titers
in the intestinal tract (colon). Upon immunohistochemistry
analysis using multiple cross sections of tissue obtained from 2
chickens not used for virus isolation, no influenza A virus
NP-positive cells were detected in tissues of the respiratory or
intestinal tract, again indicating the variability and the low level
of virus replication within the group of chickens inoculated
intranasally with the H6N1WT virus. Real-time reverse trans-
criptase PCR (RRT-PCR) (24) further confirmed the absence
of viral genomic RNA in tissues that were negative in virus
isolation (data not shown). In the 10 chickens inoculated with
the H6N1MBCS virus, low virus shedding was detected in the
respiratory tract at 3 d.p.i. (2.3 � 1.0 log10 TCID50/ml; 10/10
animals), accompanied by low virus titers in the respiratory
tract tissues. Low shedding from the intestinal tract at 3 d.p.i
(0.8 � 0.6 log10 TCID50/ml; 3/10 animals) was accompanied by
the absence of virus titers in the intestinal tract. Although
viable H6N1MBCS virus could not be detected in all organs at
3 d.p.i., small amounts of viral genomic RNA were detected by
RRT-PCR in all tissues of the chickens inoculated with the
H6N1MBCS virus (data not shown). These data are in agree-
ment with the immunohistochemistry data (Fig. 4) and indicate
that despite the poor adaptation of the H6N1MBCS virus to
chickens, a low level of systemic replication, below the thresh-
old value of the TCID50 assay, had occurred, which is an
indication of increased tissue tropism, similar to that of natu-
rally occurring HPAI viruses (46).

Earlier work indicated that the introduction of MBCSs in
the HA of human seasonal influenza A virus and LPAI H3
influenza A virus strains ceased the virus’ dependence on tryp-
sin for the activation of HA0 upon expression of HA proteins
in vitro (13, 17, 26, 35). However, in the context of infectious
virus, LPAI H3N8 viruses with MBCSs did not result in HPAI
phenotypes upon intranasal inoculation of White Leghorn
chickens. Of note, the IVPI of these viruses was not deter-
mined (35). These experimental data also suggested a lack of
adaptation in chickens with the wild duck-derived H3N8 virus
and showed increased cloacal shedding of the H3N8 virus with
the RRRKKR2G MBCS out of 3 different MBCSs tested
(35). Collectively, the results from the H3N8 virus analysis and
our study suggest that different HA subtypes might require
different MBCS motifs.

Now that we have shown that an LPAI H6 virus can become
highly pathogenic upon the introduction of an MBCS in HA,
the question arises why is the HPAI phenotype restricted to H5
and H7 influenza A viruses in nature? Since it was shown here
that there is no functional constraint to H6 with an MBCS with
respect to HA0 cleavage and infectivity in vivo—in fact, shed-
ding of the H6N1MBSC virus from the intestinal tract was
higher than that of the H6N1WT virus—there must different
constraints for the emergence of HPAI H6 viruses in nature.
Moreover, the insertion of the minimal MBCS motif RE
KR2G into the H6N1WT virus did not result in a trypsin-

FIG. 4. Tissue distribution of the H6N1WT (left) and H6N1MBCS
(right) viruses after intranasal inoculation of chickens. Expression of
viral antigen could not be detected in serial sections of these tissues of
chickens infected with the H6N1WT virus in the lung, tracheal epithe-
lium, nasal turbinate (NT), brain, liver, spleen, heart, intestine, and
comb. Expression of viral antigen could be detected in all tissues of
chickens infected with the H6N1MBCS virus. The chickens were inoc-
ulated intranasally with 5 � 106 TCID50 of H6N1WT and H6N1MBCS
viruses and euthanized 3 days postinfection. Tissue sections were
stained with a monoclonal antibody against influenza A virus nucleo-
protein, visible as red-brown staining.
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independent phenotype, and replication kinetics were similar
to that of the H6N1WT virus in the presence and absence of
trypsin (data not shown), suggesting that the introduction of a
minimal MBCS into the H6N1WT virus does not result in
increased pathogenicity, comparable to those of the H5 and
H7 influenza A viruses (15, 21, 22). The prediction of the
cleavability of HA by proprotein convertases is, therefore, not
directly useful to predict the HPAI or LPAI phenotype of
influenza viruses (11). Based on our data, it is likely that the
subtype restriction of the HPAI genotype and phenotype is not
at the molecular, structural, or functional level but potentially
at the evolutionary level, with sequence restrictions preventing
the emergence of HPAI viruses other than those of the H5 and
H7 subtypes.
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